Development of syntactic processing was examined to evaluate maturational processes including left language lateralization functions and increased specialization of brain regions important for syntactic processing. We utilized multimodal methods, including indices of brain activity from fMRI during a syntactic processing task, cortical thickness measurements from structural MRI, and neuropsychological measures. To evaluate hypotheses about increasing lateralization and specialization with development, we examined relationships between cortical thickness and magnitude and spatial activation extent within the left inferior frontal gyrus (IFG) and its right hemisphere homologue. We predicted that increased activation in the left and decreased activation in the right IFG would be associated with increased syntactic proficiency. As predicted, a more mature pattern of increased thickness in the right pars triangularis was associated with decreased activation intensity and extent in the right IFG. These findings suggest a maturational shift towards decreased involvement of the right IFG for syntactic processing. Better syntactic skills were associated with increased activation in the left IFG independent from age, suggesting increased specialization of the left IFG with increased proficiency. Overall, our findings show relationships between structural and functional neurodevelopment that co-occur with improved syntactic processing in critical language regions of the IFG in typically developing children.
a b s t r a c t
Development of syntactic processing was examined to evaluate maturational processes including left language lateralization functions and increased specialization of brain regions important for syntactic processing. We utilized multimodal methods, including indices of brain activity from fMRI during a syntactic processing task, cortical thickness measurements from structural MRI, and neuropsychological measures. To evaluate hypotheses about increasing lateralization and specialization with development, we examined relationships between cortical thickness and magnitude and spatial activation extent within the left inferior frontal gyrus (IFG) and its right hemisphere homologue. We predicted that increased activation in the left and decreased activation in the right IFG would be associated with increased syntactic proficiency. As predicted, a more mature pattern of increased thickness in the right pars triangularis was associated with decreased activation intensity and extent in the right IFG. These findings suggest a maturational shift towards decreased involvement of the right IFG for syntactic processing. Better syntactic skills were associated with increased activation in the left IFG independent from age, suggesting increased specialization of the left IFG with increased proficiency. Overall, our findings show relationships between structural and functional neurodevelopment that co-occur with improved syntactic processing in critical language regions of the IFG in typically developing children.
Introduction
By the time children begin to attend school at around age six, they are capable of producing grammatically correct and well-formed sentences about numerous topics in conversations with family and friends, and on the surface it may appear that they have mastered the subtleties of the syntactic rules of their native language (Scott, 2004) . While the understanding of individual word meanings and expansion of vocabulary is essential to the development of further language skills, the grammatical or syntactic structure in which individual words are contained convey essential information as well. Syntactic capacity is a necessary prerequisite for sentence comprehension that allows the listener to understand "who is doing what to whom" through grammatical relationships in sentence elements (Friederici and Kotz, 2003) . Early behavioral studies have suggested that semantic and syntactic processing are interdependent early in childhood (age 5), and that syntactic processing gradually becomes independent through childhood by about age 10 (Friederici, 1983) . However, more recent studies have shown continued improvement of syntactic skills through childhood, adolescence and into early adulthood (ages 20-29), stabilizing only in middle age (Nippold et al., 2005) . Essentially, this protracted development is associated with mastery of less frequent, more demanding linguistic structures taking longer to acquire than structures that are more frequently encountered (Leech et al., 2007) . Consistent with this idea, behavioral studies across a wider age-range of typically developing children and adolescents show that children gradually become faster and more accurate at interpreting and producing complex sentences, as well as in detecting grammatical violations in these sentences (Berman, 2004; Nippold et al., 2005; Wulfeck et al., 2004) .
Neuroimaging studies are beginning to shed light on the gradual process of specialization and lateralization of syntactic development in the brain. Event-related potential (ERP) studies in children provide further evidence that syntactic processing is not fully established neurally in early childhood but gradually develops toward adult-like processing during late childhood (reviewed in Friederici, 2006; Hahne et al., 2004) . fMRI studies with adults have suggested that semantic and syntactic processing are neurally distinct at least in part, and that the left pars opercularis (Brodmann area 44) may be particularly implicated in syntactic processing with other portions of the IFG also involved depending on the task (reviewed in Bookheimer, 2002; Friederici, 2002) . Syntactic development has been investigated with fMRI in young (ages 5-6) typically developing children (Brauer and Friederici, 2007) , and methods for assessing syntactic processing have included rule violation tasks and sentence comprehension tasks. In general, studies with children have not demonstrated a fully developed level of specialization or lateralization for syntactic processing. For example, Brauer and Friederici (2007) evaluated differences in functional activation between children ages 5-6 and adults for semantic and syntactic aspects of sentence processing with a rule violation paradigm. They found that adults demonstrated syntax-specific activation in the superior temporal gyrus (STG) and pars opercularis while children had significant overlap for semantic and syntactic processing, engaging additional areas of the left and right inferior frontal gyrus (IFG), which are known to support resource demanding processes.
Along with functional changes in syntactic processing in childhood, dynamic changes in brain structure occur simultaneously. Many brain regions undergo cortical thinning through maturation, including the dorsal cortices of frontal and parietal lobes, whereas the IFG (Broca's area) and posterior perisylvian cortices (Wernicke's area) undergo cortical thickening (Shaw et al., 2008; Sowell et al., 2004a) . Cortical thinning is thought to be associated with the pruning of underutilized synapses and increased myelination related to increased efficiency in these neural systems (reviewed in Sowell et al., 2004b) . Cortical thickening in the IFG has been associated with improved phonological processing skills within individuals studied longitudinally (Lu et al., 2007) . In addition, structural brain asymmetries in perisylvian brain language regions have been observed perinatally and throughout childhood, suggesting that brain lateralization begins early in development and continues later in childhood (Amunts et al., 2003; Chi et al., 1977; Shaw et al., 2009; Wada et al., 1975) . These structural changes are likely related to functional activation changes in the brain that have been observed during the same age range. For example, increased hemispheric language lateralization with increased age has been demonstrated in developmental fMRI studies, and there is evidence for some degree of lateralization and specialization early in childhood that may vary among those with different levels of language skills (Holland et al., 2001; Szaflarski et al., 2006) . To our knowledge, no studies have directly explored these relationships using multimodal brain imaging methods to examine developmental changes in the neural correlates of syntactic processing or other language abilities.
Using an fMRI paradigm previously shown to yield different activation patterns between semantic and syntactic processing of sentences in adults (Dapretto and Bookheimer, 1999) , here, structural and functional correlates of syntactic processing were examined in a group of school-aged children and young adolescents. The sentence comprehension paradigm employed is more complex than rule violation tasks used in previous studies, and allows evaluation of syntactic processing in this wider age range of children. In addition, we evaluated brain-behavior relationships with neuropsychological measures. First, we hypothesized that there would be no differential activation between the syntactic and semantic conditions of this task across the entire age rage studied, as behavioral and ERP studies suggest a late independent emergence of syntactic processing, but we predicted that we would see increased activation in the left IFG, primarily pars opercularis of the IFG (BA 44), for the syntactic condition than the semantic condition for a subset of older children. We expected that brain activation patterns would show left lateralization with decreased reliance on right hemisphere homologous regions and increased specialization of the left IFG in children with better syntactic skills, regardless of chronological age. In other words, we predicted that inter-individual variability in syntactic skill would better predict activation patterns than age alone such that more proficient individuals would have increased left specialization and lateralization. Further, we predicted that increased thickness (observed in older relative to younger children in previous studies in the age range studied here, Sowell et al., 2004a,b; Shaw et al., 2008) in bilateral IFG would be associated with increased magnitude (z values) and spatial extent of activation in the left IFG, and decreased activation intensity and extent in the right IFG.
Materials and methods

Participants
Participants were healthy and typically developing children (n = 19) from the Los Angeles region who were recruited to participate in a study of normal brain develop-ment. Using UCLA IRB approved procedures, participants' parents consented to participation in the study, and children provided both verbal and written assent. According to parental report during a structured background and developmental interview, participants had no history of medical or neurological conditions (e.g., low birth weight, epilepsy, head injury with loss of consciousness), psychiatric or behavioral disorders (e.g., attention deficit hyperactivity disorder, schizophrenia), developmental disability (e.g. mental retardation or autism), developmental language disorders, learning disabilities, or significant prenatal exposure to teratogens such as alcohol. They were all native English speakers. Gender was distributed evenly (females = 10), and their age ranged from 7.2 to 15.8 years with a mean age of 11.1 years (s.d. = 2.6). One participant was left-handed. Inspection of this participant's individual activation map did not suggest that this participant was an outlier, and these data were retained in the final analysis. Children were also administered a comprehensive battery of neuropsychological measures, including IQ testing with the Wechsler Intelligence Scale for Children, Fourth Edition (WISC-IV; Wechsler, 2003) and subtests of the Clinical Evaluation of Language Fundamentals, Fourth Edition (CELF-4; Semel et al., 2003) . The Sentence Assembly subtest of the CELF-4 was of most interest in the current study, as it is a direct measure of syntactic skill in which examinees are asked to create two distinct sentences using jumbled phrases that are provided. The CELF-4 is a wellvalidated measure, and the Sentence Assembly subtest is believed to tap syntactic processing as it requires application of syntactic rules. Only raw scores (with possible range between 0 and 19) were used because of limited normative data across the age group studied here.
Experimental stimuli and activation paradigm
During fMRI, participants performed a sentence comprehension and judgment task in which they were asked to listen to pairs of sentences and decide if they had the same meaning. They indicated their responses by pressing buttons in the scanner. Unknown to the participants, there were two conditions presented in a blocked design: semantic and syntactic. In the semantic condition, sentence pairs were identical, and meaning was varied by replacing one word with a different word or maintaining the meaning by replacing a word with a synonym. For example, children heard through earphones in the scanner, "The car is in the garage" and "The auto is in the garage." In the syntactic condition, sentences were either in a different form (e.g., active vs. passive voice), or word order differed (e.g., preposed vs. postposed prepositional phrases). For example, children heard "The school is south of the park" and "South of the school is the park" and were asked if the two sentences meant the same thing. The number of sentences in the active and passive forms was the same in both conditions, as was the number of preposed and postposed phrases. Thus, both overall syntactic complexity and working memory demands were comparable between both conditions. Recorded sentences were read by a native English speaker with a standard American accent at the rate of one sentence pair every 7.5 s. There were eight trials (2 sentences in each trial, total of 16 sentences in each block) in each of the two 60-s blocks, and initial presentation of the semantic or syntactic condition was counterbalanced evenly across subjects. In each condition, half of the sentence pairs had the same meaning, and the other half had a different meaning. A 30-s rest block was placed before the first block, between blocks, and after the last block. Stimuli were presented with MacStim 3.2 psychological experimentation software (CogState, West Melbourne, Victoria, Australia). Both accuracy and response time were recorded.
Data acquisition
fMRI data were acquired on a 3 Tesla, Siemens Allegra magnet. A gradient echo EPI sequence was used, with TE = 25 ms, 90 • flip angle, TR = 2.5 s, slice thickness = 3 mm/1 mm skip, 36 total slices, FOV = 200 mm. The acquisition matrix was 64 × 64 voxels, with in-plane resolution = 3 mm× 3 mm. T2-weighted anatomical volumes were acquired during the same scanning session for each subject, with TE = 33 ms, 90 • flip angle, TR = 5 s, slice thickness = 3 mm/1 mm skip, 36 total slices (whole brain coverage), FOV = 200 mm. The anatomical volume was utilized for registration of the functional data for each subject, and functional data were registered to anatomical volumes with a 6 DOF linear transformation, allowing registration to standard space (MNI-152 space) with a 12 DOF linear transformation. Both functional and structural data were acquired at alignment to the anterior and posterior commissures which facilitated registration to MNI-152 space.
High-resolution T1-weighted structural MRI images were acquired on a 1.5 Tesla, Siemens Sonata. Both functional and structural scans were acquired on the same day. A T-1 weighted 3 dimensional (3D) magnetization prepared rapid gradient echo (MPRAGE) protocol was used with the following parameters: TR = 1900 ms, TE = 4.38 ms, flip angle = 15 • , voxel size = 1 mm × 1 mm × 1 mm, acquisition time = 8:08 min. Up to four scans per child were obtained in order to improve the signal-to-noise ratio. Two of the 19 participants with usable fMRI data did not have useable structural scans due to excessive motion.
Data processing
2.4.1. fMRI FSL, 4.1 (FMRIB Analysis Group, www.fmrib.ox. ac.uk/fsl) was used to analyze all fMRI data, and detailed assumptions and methods are described elsewhere (Smith et al., 2004; Woolrich et al., 2009) . Preprocessing was carried out with MCFLIRT (the motion correction tool in FSL), to obtain 6 parameter estimates of motion, which were entered into the general linear model at the individual subject level as individual explanatory variables (EVs) with a temporal derivative to statistically control for motion. The addition of the temporal derivative to motion parameter EVs effectively models relative motion, and time points with very high levels of motion are down-weighted in the model. A trained research assistant visually inspected raw fMRI data for all subjects to assess for signal drop out artifact related to excessive motion that could not be corrected statistically. No subjects were excluded based on these inspections. In addition, motion parameter values for each subject were inspected, and in order to ensure adequate statistical power, subjects were only included in the analysis if they had 15 images for each condition with less than 2 mm of motion from the center image. No subjects were excluded based on this criterion. In order to increase the signal to noise ratio, all fMRI data were smoothed using a 6 mm Gaussian kernel. Individual functional data were registered to subjects' T2-weighted structural image with a 6 DOF linear registration, utilizing FMRIB's Linear Image Registration Tool, v 5.5 (FLIRT). For group analyses, images were normalized into MNI-152 space with a 12 DOF linear registration using FLIRT. Utilizing adult-based atlases for registration of child data has been demonstrated to be valid for children 7 years of age and older (e.g., Burgund et al., 2002; Kang et al., 2003 ).
Contrasts at the individual level included syntactic > rest, semantic > rest, semantic > syntactic, and syntactic > semantic. Group means for each contrast were examined, and Z-statistic images were thresholded using clusters determined at either Z > 1.7 or Z > 2.3. To the extent that we focused our analyses on a priori regions of interest (ROIs) in the inferior frontal gyrus, we did not correct for multiple comparisons across the entire brain volume for most analyses. For the group analysis, mean activation for syntactic > rest was the primary contrast examined, and the relationship between activation, CELF-4 SA raw score, and age (in months) were examined using the general linear model. An ROI was created for the group mean syntax > rest and the syntax > semantic analysis for the older age subset, using regions with a 10% probability of including the IFG (regions 4, 5, 6, 7, 33, 41, 42) from the Harvard-Oxford proabablistic atlas provided in FSL (FMRIB Analysis Group, www.fmrib.ox.ac.uk/fsl). This resulted in a liberal ROI that takes into account variability in IFG location across individuals while also restricting the analysis to frontal language regions instead of a whole brain analysis.
sMRI
Preprocessing and definition of cortical and subcortical gray matter regions on structural images were conducted in the UCLA Laboratory of Neuro Imaging (LONI) Pipeline Processing Environment (Dinov et al., 2009; Rex et al., 2003) and using FreeSurfer's automated segmentation software (FreeSurfer 4.0.2, http://surfer.nmr.mgh.harvard.edu), as described in the work of Fischl and Dale Fischl et al., 2002 Fischl et al., , 1999 . During preprocessing, two MPRAGE acquisitions for each participant were averaged to improve signal to noise ratios. The resultant images were then brain extracted and gray/white matter boundaries were automatically delineated. A surface of connected white matter voxels was refined to create sub millimeter voxel resolution in the gray/white matter boundary Fischl et al., 1999) . The gray/white matter boundary was then deformed outward to estimate the pial surface with the following constraints; the surface needed to be smooth and maintain the natural topology of the brain.
Procedures for the automatic quantification of gray matter thickness for a variety of brain structures are detailed by Fischl and colleagues (Fischl et al., 2002) , and include the hypothesis-driven regions investigated here within the IFG (left and right Pars Opercularis, Pars Triangularis, Pars Orbitalis). Briefly, thickness of the cortical ribbon was computed for each subject across both hemispheres. The thickness is defined as the shortest distance between the white and pial surface models, which provide estimates of sub millimeter differences. All subjects were aligned to a common surface template using a high-resolution surfacebased averaging technique that aligned cortical folding patterns. Gyral based regions of interest (ROIs; described in Desikan et al., 2006 ) on a standard brain provided in the FreeSurfer package (2007 standard) were then mapped back to each subject's native space T1-weighted image. The cortical thickness surface values were then converted into a 3D volume based on the FreeSurfer-generated white matter surface (i.e. each voxel in the new volume was assigned the thickness value for cortex at that x, y, z coordinate). White and gray segmentations for each of the IFG ROIs were combined to ensure that all thickness value voxels were captured by the ROI (see Fig. 1 ). Finally, mean thickness values of cortical gray matter in each FreeSurfer-generated ROI were calculated.
fMRI activation values for ROIs
Activation images from FSL were aligned to the MPRAGE images for each subject using the following steps: (1) T2-weighted high-resolution structural images from the functional run were aligned to the T1-weighted MPRAGE image used in the FreeSurfer analyses described above, with a full-affine registration in FSL's FLIRT program. (2) The resultant transformation file was then applied to the volume for the thresholded activation contrast (syntax > rest) to bring the activation map into T1 MPRAGE space. Activation results from FSL were utilized to obtain mean activation and extent of activation measures in the FreeSurfer cortical ROIs (i.e. IFG). The number of suprathreshold activation voxels that fell into each ROI was then summed to get the "extent of activation" for each subject (see Fig. 1 ). Mean activation intensity of suprathreshold voxels (Z values) in the same ROIs was also calculated.
Data processing procedures for ROI-based cortical thickness and activation measures (mean intensity and activation volume) are illustrated in Fig. 1 . All activation measures were output in tabular format and merged with thickness measures and neurobehavioral data for each subject. This table was then exported into SPSS 17 for statistical analysis, including correlation analyses with Bonferroni correction for multiple comparisons.
Results
Neuropsychological testing
Mean full scale IQ was 112.7 (s.d. = 14.7, range 88-147), and mean verbal comprehension index score, a composite measure of overall verbal abilities, was 116.0 (s.d. = 18.4, range 83-148). Mean raw score for the CELF-4 SA was 12.0 (s.d. = 5.4) with a range between 2 and 19. The correlation between CELF-4 SA raw scores and age was moderately high at trend level (r = 0.44, p = 0.06). Fig. 1 . Summary of methods for obtaining structural (i.e. segmentation, cortical thickness) and functional (segmentation-based ROI mean activation and volume) measurements. The T1-weighted image is processed through FreeSurfer's recon-all command to obtain a thickness surface map and segmentation labels of anatomical regions. Thickness values were first converted into a 3D volume that follows the contours of the white matter surface, and then the ROIs were applied to get average thickness values within the IFG. For thickness, a combination of both white and gray matter segmentations for each ROI was used to ensure that all values in the white surface-based thickness ribbon were captured. FSL-processed activation maps were first registered to T1-weighted activation maps and then the ROIs were applied to the resultant transformed image to get average thickness and extent values within the IFG ROIs. Gray matter segmentations for each ROI were used to capture values on the cortical surface.
Task behavior
Mean accuracy for the semantic condition was 83% (s.d. = 0.11), and for the syntactic condition mean accuracy was 88% (s.d. = 0.11). Accuracy did not differ significantly between conditions (t = −1.72, p = 0.10). Mean response time for the semantic condition (5.1 s, s.d. = 0.36) and syntactic condition (4.9 s, s.d. = 0.45) did not differ significantly (t = 1.37, p = 0.19). Mean syntactic accuracy was not correlated with age (r = 0.24, p = 0.32), but there was a trend level age correlation with mean semantic accuracy (r = 0.43, p = 0.07). Response time was not correlated with age in either the syntactic (r = 0.22, p = 0.38) or semantic (r = −0.18, p = 0.47) condition. Correlations between in-scanner task performance and neuropsychological test results did not indicate any significant relationships.
fMRI
Group mean activation for the syntax > rest contrast included suprathreshold (uncorrected) activation in bilateral primary auditory cortex, left temperoparietal cortex, left superior frontal gyrus (SFG), left middle frontal gyrus (MFG), left inferior frontal gyrus (IFG), left supplementary motor area (SMA), and right cerebellum (see Fig. 2 ). Results are summarized in a table with peak coordinates and zvalues for regions showing activation in the syntax > rest analysis (Table 1 ). An ROI (prefrontal language regions) analysis (corrected, z > 2.3, p = 0.05) included group mean activation in discrete and continuous left prefrontal language regions, including left IFG (see Fig. 3 ).
As noted previously, differences between the semantic and syntactic conditions were not predicted across the entire age range studied (ages 7-15), given results of previous behavioral and ERP studies that suggest a late independent emergence of syntactic processing in children. Using a median split (median age = 10.7) to identify older subjects in the sample (n = 10), an ROI analysis indicated differential activation between the two conditions in this subset of older subjects (see Fig. 4 ), with the syntactic condition showing increased activation relative to the semantic condition in left IFG (uncorrected, z > 1.7), specifically pars opercularis of the IFG (BA 44). The subgroup of younger children did not have any differential activation between the syntactic and semantic conditions (results not shown). There were no statistically significant differences in the semantic > rest condition (results not shown), and no specific hypotheses were made about this condition.
fMRI and syntactic skill performance
Simultaneous multiple regression analyses that included CELF-IV SA raw and age as explanatory variables revealed significant relationships between test scores and activation in left hemisphere SFG, MFG, and IFG independent of age. To examine the contribution of individuals' data on the regression analyses and to rule out spurious effects possibly caused by outliers, activation values (Z) at a specific point within the left IFG (MNI-152 coordinates x = -54, y = 12, z = 16) were plotted against age-residualized values for CELF-4 Sentence Assembly raw scores (see Fig. 5 ).
Correlation analyses between activation in the left hemisphere language regions and other neuropsychological measures (FSIQ and VIQ) did not yield significant results, suggesting either that activation in the left IFG is not related to overall intellectual functioning (FSIQ) or overall verbal abilities (VCI), or that we lacked statistical power to find these effects.
Cortical thickness and activation correlations
Correlations between cortical thickness in bilateral pars triangularis and activation intensity and extent in the pars opercularis, pars triangularis and pars orbitalis are summarized in Table 2 . Data for 17 participants were part Fig. 5 . Axial maps illustrate overlapping values in the IFG for voxels that were more active during syntax than rest (from Fig. 2) , and/or voxels where activation during syntax vs. rest were correlated with performance on the CELF-4 sentence assembly (SA) subtest (pink = group mean activation, yellow = voxels where activation was correlated with CELF-4 SA performance independent from age, red = overlapping regions). Yellow arrow indicates location of values (Z) in the IFG (x = −54, y = 12, z = 16 in MNI-152 space) plotted against age-residualized values for CELF-4 SA raw scores in the graph. Only significant voxels within the IFG are shown; IFG mask applied to the image. of this analysis, as two participants did not have useable structural imaging data as a result of excessive motion. When using a strict Bonferonni correction (p < 0.05) across the 24 statistical tests (p < 0.002), the negative correlation between activation intensity in right pars orbitalis and cortical thickness in right pars triangularis was the only test to survive (r = −0.724, p = 0.001). Nevertheless, other correlations of considerable interest are discussed given our a priori hypotheses. As predicted, mean cortical thickness in the right pars triangularis was negatively correlated with activation intensity (r = −0.724, p = 0.001) and activation extent (r = −0.676, p = 0.003) in the right pars orbitalis, activation intensity (r = -0.613, p = 0.009) and activation extent (r = −0.577, p = 0.015) in the right pars opercularis, and activation intensity (r = −0.616, p = 0.009) in the right pars triangularis, with a trend level correlation in activation extent for this region (r = −0.464, p = 0.061). In other words, increased thickness in a subregion of the RH IFG was associated with decreased activation in all RH IFG subregions. See Fig. 6 for plots of right hemisphere (RH) pars Table 2 Correlations between pars triangularis (PT) cortical thickness and intensity and volume of activation (extent) during syntactic processing (syntax > rest) in left and right hemisphere inferior frontal gyrus regions of interest. triangularis mean thickness (mm) and mean activation and activation volume (extent) in the three RH ROIs of the IFG. There was only a trend level negative correlation between right pars triangularis mean thickness and activation intensity (r = −0.471, p = 0.056) and extent (r = −0.407, p = 0.105) in the left pars opercularis with no other correlations between right thickness and left activation/extent. Also consistent with our predictions, though only at trend level significance, were negative correlations observed between left hemisphere pars triangularis thickness and activation intensity and extent in all RH IFG subregions (see Table 2 ). Correlations between cortical thickness in pars orbitalis and pars opercularis and activation extent and intensity were not significant for left or right hemisphere inferior frontal regions of interest. In order to rule out correlations between activation and structure that could simply reflect general changes in cognition with brain maturation, additional correlation analyses were done between bilateral thickness and activation/extent in another ROI with group activation and located outside the IFG, the superior frontal area. Results did not indicate any significant or trend level correlations (results not shown), suggesting that correlations in the IFG are not solely related to overall brain maturation.
Discussion
The results of the current study reveal relationships between inter-individual variability in brain morphology and functional brain activity suggesting increasing specialization and lateralization of language functions in typically developing children. Specifically, we found negative correlations between cortical thickness and activation intensity and extent in the right IFG during a syntactic processing task. Previous structural imaging studies have shown that cortex in the perisylvian regions of the frontal and temporal lobes increase in thickness during the age range studied here (Shaw et al., 2008; Sowell et al., 2004a) . Although we cannot make assumptions about causality, results of the current study suggest that children with thicker cortex in the right IFG rely less on right hemisphere language areas to process verbal linguistic information and rely more on left hemisphere structures for syntactic processing than children with thinner cortex in the same brain regions. Further, we report positive correlations between activation in the left IFG during a syntactic processing and proficiency of syntactic skills independent from age, suggesting that increased syntactic proficiency impacts brain activation during sentence-level language processing.
Activation patterns for the syntactic component of the task in the current study were consistent with the temporofrontal network known to be associated with syntactic processing (Friederici and Kotz, 2003) , but as predicted based on earlier behavioral studies, the degree of brain specialization for syntactic processing does not appear to be fully established in school aged children and early adolescents (Nippold et al., 2005) . Supporting a qualitative shift in syntactic processing at around age 10 ( Leech et al., 2007) , a direct contrast between the syntactic and semantic task showed differential activation in the left IFG for the syntactic condition for an older subset of children (over age 10.7) but not across the whole age ranged studied (7-15). Overall syntactic complexity, working memory demands, and general task demands (i.e., "do both sentences have the same meaning?") were comparable between both conditions, and thus we believe differences in activation can be attributed to syntactic processing. Significant variability in localization of language tasks has been reported (Burton et al., 2001) , and it was not expected that the current study would demonstrate a specific syntactic processing region in children across the whole age range studied. Rather, we (Lu et al., 2009) , and others (Gaillard et al., 2000; Holland et al., 2001; Schlaggar et al., 2002) have speculated that inter-individual variability in activation of inferior frontal regions would relate to brain structural maturation processes that include cortical thickening in IFG and perisylvian brain-language regions throughout childhood and adolescence. Our findings of negative thickness-activation correlations provide support for this notion. Both age and proficiency were related to activation in the IFG, and this suggests the importance of both physical maturity and continued exposure to language in brain development. The relationship with proficiency on the syntactic measure and brain activation patterns, which was statistically independent from age, is important because it suggests that proficiency on a measure of syntactic processing involves dynamic inter-relationships between brain structure and function through development. In other words, children with better syntactic processing skills have different, perhaps more left-lateralized, structure-function brain relationships than children of the same age with poorer syntactic processing skills.
Along with the pars opercularis, the pars triangularis is believed to be important for language comprehension and it has also been implicated in syntactic processing (Bookheimer, 2002) . Recent studies have shown that electrical stimulation in one region of the IFG results in activity in other regions, and a high degree of connectivity between the different regions of the IFG has been demonstrated although the functional significance is unknown (Greenlee et al., 2007) . It is unclear from the current study why thickness in the pars triangularis had the strongest relationships with neural activity in other parts of the IFG. Future studies would benefit from focusing on the role of the pars triangularis in general and in syntactic processing, as well as its structural and functional trajectory in development. Researchers have also suggested that the involvement of the IFG in sentence comprehension may reflect a more generalized cognitive control mechanism (Novick et al., 2005) , and future studies would benefit from including cognitive control as a variable of interest when studying language processing and the role of the IFG. Future studies might also include larger sample sizes so that additional statistical analyses that assess the role of this variable while directly comparing differences (e.g., ANCOVA) could be utilized.
Results of this study are consistent with other developmental language processing studies that indicate strong language lateralization in children over age 6 with a continuing process of regional specialization related to maturity (Gaillard et al., 2002 (Gaillard et al., , 2001 Holland et al., 2001; Schlaggar et al., 2002) . Holland et al. (2001) found, that lateralization changes were more closely tied to the period of acquisition of language tasks than to general maturation. Moreover, the largest changes in lateralization occurred for skills such as verb generation that are acquired over a longer period of development. The lateralization shifts in our study support novel behavioral studies that indicate increased independence of syntactic processing through age 10 and continued development of syntactic skills through early adulthood (Friederici, 1983; Nippold et al., 2005) .
Hypotheses about increased cortical thickness and increased activation intensity/extent in the left hemisphere were only partially supported by our data. Some degree of left lateralization for language is known to be present very early (Dehaene-Lambertz et al., 2002 , 2006 , and it is conceivable that left hemisphere networks are well established early with maintenance of right hemisphere language in place in order to maintain neural redundancy. With increased development, as the brain becomes more efficient, its redundancy and potential for plasticity decreases. Furthermore, there may be physiological limits on the extent of intensity of activation in the left IFG that have already been met in the age range studied.
This study utilized multiple methods, including functional MRI, structural MRI, and neuropsychological measurement, to demonstrate relationships between functional and structural brain maturation and the development of language processing skills. Here, we illustrate the independent and prolonged development of syntactic processing in brain activation and structure throughout childhood that had previously been shown only with behavioral studies. Furthermore, our results suggest that cortical activation is related to both age and proficiency with syntactic processing. Finally, the present findings illustrate the ongoing structural development of the brain through cortical thinning and thickening in childhood and its relationship with how the brain functions.
